The Plasmodium vivax merozoite surface protein 1 (MSP-1) 42-kDa fragment (PvMSP-1 p42) is a promising vaccine candidate antigen against the blood stage of the malarial parasite. We have developed a process for the production of this vaccine target, keeping in mind its use in human volunteers. A novel strain, Origami(DE3), of Escherichia coli with mutations in the glutathione and thioredoxin reductase genes yielded 60% more soluble PvMSP-1 p42 than the conventional E. coli BL21(DE3) strain. Recombinant PvMSP-1 p42 was purified to >99% purity with a rapid two-step protocol designed for easy scaling up. The final product had a low endotoxin content and was stable in its lyophilized form. PvMSP-1 p42 was found to have the predicted primary and tertiary structures and consisted of a single conformer containing one free cysteine, as predicted. The product was recognized by conformational monoclonal antibodies against P. vivax MSP-1. Immunogenicity studies of PvMSP-1 p42 were carried out with two strains of mice and the adjuvants Montanide ISA51 and Montanide ISA720. Both formulations were found to induce high levels of immunoglobulin G1 (IgG1), IgG2b, and IgG2a antibodies along with low levels of IgG3. Lymphocytes from animals in all the PvMSP-1 p42-immunized groups showed proliferative responses upon stimulation with PvMSP-1 p42; the cytokines interleukin 2 (IL-2), gamma interferon, IL-4, and IL-10 were detected in the culture supernatants. These results indicate that PvMSP-1 p42 in combination with both of the adjuvants elicited cellular and humoral responses in mice.
Plasmodium vivax is one of the two major human malaria parasites and alone is responsible for 40 to 50% of all malaria cases in Latin America and southeastern Asia. The emergence of drug-resistant P. vivax strains (1) has emphasized the need for a vaccine. Progress toward a vaccine to prevent P. vivax infection is severely constrained by the availability of recombinant P. vivax antigens suitable for efficacy trials in humans. The choice of an expression system for the production of any recombinant protein is critical, particularly if the protein contains conformational epitopes stabilized by multiple disulfide bonds. Conventionally, Escherichia coli is considered unsuitable for the expression of such structured antigens because of its reducing cytoplasmic environment (18) . For that reason, many P. vivax antigens containing complex tertiary-domain structures have been expressed in eukaryotic systems, such as yeast (14, 15, 16) and baculovirus (9, 22) . Efforts have been under way to develop an E. coli strain with an oxidative internal environment. One such modified E. coli strain (Origami) was recently reported to allow disulfide bond formation of recombinant proteins expressed in its cytoplasm (2) . Using this strain of E. coli, we report the production of a soluble P. vivax merozoite surface protein 1 (MSP-1) 42-kDa fragment (PvMSP-1 p42), a malaria vaccine candidate that requires the formation of multiple disulfide bonds for correct folding.
MSP-1 is found on the surface of merozoites throughout the genus Plasmodium. For P. falciparum it has been shown that MSP-1 is synthesized as a 195-kDa precursor that is processed by several proteolytic steps during schizont rupture and merozoite invasion. The 195-kDa protein is cleaved to an 83-kDa fragment (p83) and a 42-kDa fragment (p42); the latter is further cleaved to an 11-kDa C-terminal fragment (p19) and a 33-kDa fragment (p33) (reviewed in reference 7). The p19 region contains conserved cysteines that are cross-linked by multiple disulfide linkages forming two epidermal growth factor-like domains (5) . It has been shown in rodent models of malaria that the presence of the two epidermal growth factorlike domains in the p19 region is critical for the induction of MSP-1-based protective immunity (19, 20) . In addition, it has been shown that immunization with recombinant P. vivax MSP-1 p19 made in baculovirus-infected insect cells can protect monkeys against parasite challenge (6, 30) . Although the p33 region has not been shown to be critical for protection, several immunodominant B-and T-cell epitopes have been mapped to it; these epitopes are highly immunogenic during natural malaria infection in humans (10) . A baculovirus-expressed P. cynomolgi MSP-1 p42 construct protected rhesus monkeys against homologous challenge (24) . Given the close evolutionary relationship between the two species, we have chosen to express the P. vivax equivalent of this P. cynomolgi p42 construct in E. coli. Initial attempts to express PvMSP-1 p42 in a conventional E. coli expression host, such as BL21, resulted in the majority of the product being insoluble; however, we found that a "redoxmodified" E. coli strain (Origami) expressed the same protein almost completely in the soluble fraction. We describe here the expression conditions and purification methodology used to obtain a PvMSP-1 p42 product of high purity and low endotoxin content. In addition, we examine the humoral and cellular immune responses of mice to this vaccine candidate protein using two adjuvants approved for human use, Montanide ISA51 (M51) and Montanide ISA720 (M720).
MATERIALS AND METHODS
Cloning of the PvMSP-1 p42 gene. Genomic DNA of the P. vivax Sal I strain (kindly provided by William E. Collins, Centers for Disease Control and Prevention, Atlanta, Ga.) was prepared using a Qiaamp blood kit (Qiagen, Valencia, Calif.). Genomic DNA was used as a template for the amplification of the PvMSP-1 p42 gene with the following set of PCR primers: forward, 5ЈCGTGA ATTCATGGACCAAGTAACAACGGGAGAG3Ј; and reverse, 5ЈACGTCTG CAGATTAAACGTCCATGCACAGGA3Ј). The PCR product was cloned into a sequencing plasmid, sequenced, and used as a template for the amplification of the expression construct with the following set of primers: forward, 5ЈCATGC CATGGCAGACCAAGAACAACGGGA3Ј; and reverse, 5ЈAATAGTTTAGC GGCCGCTTAGCTACAGAAAAC3Ј). The PCR product was ligated to the NcoI-NotI sites of vector pETAT(NK2) (kindly provided by Evelina Angov, Walter Reed Army Institute of Research, Silver Spring, Md.).
The ligation mixture was transformed into DH5␣ cells, and recombinant clones were selected on ampicillin. The cloned insert was sequenced and transformed into BL21(DE3) and Origami(DE3) E. coli expression hosts (Novagen, Madison, Wis.). The transformants were selected on ampicillin plates, and expression was checked by use of isopropyl-␤-D-galactopyranoside (IPTG)-induced cultures. Glycerol stocks of a clone expressing PvMSP-1 p42 were made and stored at Ϫ70°C. The deduced amino acid sequence of the protein obtained from this clone has 18 vector-encoded residues on the N terminus (MAHHHHHH PGGSGSGTMA) linked to amino acids 1350 (Asp) to 1729 (Ser) of native PvMSP-1.
Expression of PvMSP-1 p42. Expression from both host strains was carried out with a 10-liter bioreactor (New Brunswick Scientific, New Brunswick, N.J.). Terrific Broth containing ampicillin at 100 g ml Ϫ1 or tetracycline at 12.5 g ml Ϫ1 was inoculated with 100 ml of overnight-grown seed culture; the temperature was maintained at 37°C, the pH was 7.2, and agitation was done at 800 rpm. The optical density (OD) at 600 nm (OD 600 ) was monitored, and the temperature was rapidly (Ͻ20 min) reduced to 25 o C at an OD 600 of 7. IPTG was added to a final concentration of 0.1 mM. Induction was carried at 25 o C for 2 h, and cells were harvested by centrifugation. Cell paste was weighed and routinely stored at Ϫ70 o C. Purification of PvMSP-1 p42. All buffers used during purification were endotoxin free and were kept chilled while the purification was carried out at room temperature. The E. coli cell paste was thawed (1:8, wt/vol) in chilled resuspension buffer (20 mM sodium phosphate [NaP], 500 mM NaCl [pH 7.4]). Bacteria were lysed by microfluidization (model 1109 apparatus; Microfluidic Corp., Newton, Mass.), and the soluble fraction was obtained after centrifugation at 15,000 ϫ g for 40 min at 4 o C. The supernatant was further cleared by filtration through a 0.45-m-pore-size filter and was passed through a Ni-nitrilotriacetic acid (NTA) Superflow column (Qiagen) (7 ml of matrix per 40 g of paste) in a 600-E liquid chromatography system (Waters, Milford, Mass.) at a flow rate of 2.5 ml min
Ϫ1
. The column was washed with 40 mM imidazole in resuspension buffer until the OD 280 of the eluate was stabilized. The column was equilibrated with 20 mM NaP buffer (pH 8.0), and PvMSP-1 p42 was eluted with 20 mM NaP buffer containing 500 mM imidazole (pH 8.0) (elution buffer). Fractions containing the protein peak were pooled and diluted fivefold in elution buffer minus imidazole. This sample was loaded on a Q-Sepharose FASTflow column (Amersham Pharmacia Biotech, Piscataway, N.J.) (4 ml of matrix per 40 g of paste). The column was washed with 20 mM NaP buffer (pH 8.0) and then with the same buffer containing 100 mM NaCl until the OD 280 was stabilized. Pure PvMSP-1 p42 was eluted with 200 mM NaCl (pH 8.0) in 20 mM NaP buffer. Samples were dialyzed overnight against phosphate-buffered saline (PBS) at 4 o C, and the amount of protein was estimated with a Micro BCA protein assay reagent kit (Pierce, Rockford, Ill.). The protein concentration was adjusted to 350 g ml Ϫ1 , and the protein was stored in 150-l aliquots (ϳ50 g per vial) at Ϫ70°C.
Purified PvMSP-1 p42 was evaluated for homogeneity by densitometric analysis by reducing sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (4 to 12% NuPAGE; Invitrogen, Carlsbad, Calif.) with up to 20 g of protein loaded in a single well and stained with Coomassie blue. The absence of host E. coli-specific proteins was confirmed by Western blotting with anti-E. coli polyclonal antibodies (Dako Corp., Carpinteria, Calif.). N-terminal sequencing, MS, and disulfide analysis. Purified PvMSP-1 p42 was resolved by SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and sequenced using the Edman degradation method. Protein samples were analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) (Voyager Biospectrometry RP system; Applied Biosystems) using Sinapinic acid matrix. PvMSP-1 p42 was reduced in the presence of 10 mM dithiothreitol (Bio-Rad, Richmond, Calif.) and 6 M guanidine HCl (Fisher Scientific, Fair Lawn, N.J.) at 50°C for 60 min. Alkylation was carried out in the presence of 6 M guanidine HCl and 100 mM iodoacetamide (Sigma, St Louis, Mo.) for 1 h at 37 o C in the dark. Guanidine HCl was removed from samples by ethanol precipitation before analysis on Coomassie blue-stained nonreducing SDS-polyacrylamide gels for comparative mobility and on immunoblots for monoclonal antibody reactivity. Monoclonal antibodies raised against p42 and p19 of P. vivax MSP-1 were kindly provided by Shirley Longacre (Pasteur Institute, Paris, France). Free sulfhydryl groups were estimated by use of Ellman's reagent (5,5Ј-dithio-bis-3 nitrobenzoic acid) (11).
L-Cysteine was used to plot the standard curve.
Immunoblotting and IFA. Immunoblotting was carried out using standard protocols, and immunoblots were developed with a SuperSignal chemiluminescence kit (Pierce) or BM Blue POD substrate (Roche, Indianapolis, Ind.). Rabbit anti-PvMSP-1 p42 antibodies were affinity purified using PvMSP-1 p42-coupled tosyl-activated magnetic beads (Dynal, Oslo, Norway). The indirect immunofluorescence assay (IFA) was done by standard protocols with a methanol-fixed blood smear of P. vivax Sal I strain-infected Aotus monkey blood and fluorescein-conjugated antibodies.
Endotoxin assay. Endotoxin levels were measured with a Limulus amebocyte lysate kit (Pyrochrome; Cape Cod Inc., Falmouth, Mass.) using the end-point chromogenic method.
Mouse immunization. BALB/c (H-2 d ) and C57BL/6 (H-2 b ) female mice, 6 to 8 weeks old, were immunized with formulations containing PvMSP-1 p42 along with either M51 or M720 (Seppic Inc., Paris, France) as an adjuvant. Each formulation included 25 g of protein and either 50% M51 or 70% (by volume) M720 adjuvant. Mice were immunized subcutaneously with 100 l of the formulation three times, with a 2-week interval between immunizations. Mice were euthanatized 14 days after the last immunization; serum samples and spleens were collected. Control groups were immunized with the same amount of adjuvant in saline.
ELISA. Antibody responses against PvMSP-1 p42 were evaluated by an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well microplates (Dynax, Chantilly, Va.) were coated with 100 ng of either reduced and alkylated or nonreduced PvMSP-1 p42 per well, kept overnight at 4°C, and then blocked for 1 h with PBS containing 0.05% Tween 20 and 5% casein (Sigma). Plates were washed three times and incubated for 2 h at room temperature with individual and pooled mouse sera. Plates were washed again with PBS containing 0.05% Tween 20; 1:4,000-diluted secondary anti-mouse immunoglobulin G (IgG), IgG1, IgG2a, IgG2b, or IgG3 antibodies labeled with horseradish peroxidase (Southern Biotechnologies Associates, Birmingham, Ala.) were added; and plates were incubated for 1 h. Plates were washed and developed with 2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate (6)] (ABTS)-peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) and examined at 405 nm. For determination of each IgG subclass, individual sera were tested in duplicate using fourfold serial dilutions starting at 1:100.
Lymphoproliferative cellular responses. Spleens were surgically removed from euthanatized mice, and a cell suspension was obtained by organ grinding in Hanks balanced salt solution (Invitrogen). Leukocytes (pooled in each group) were resuspended at 5 ϫ 10 6 cells ml Ϫ1 in Iscove's modified Dulbecco's medium (BioWhittaker, Walkersville, Md.) supplemented with 0.5% normal mouse serum, 2 mM L-glutamine, 55 M 2-mercaptoethanol, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 100 U of penicillin-streptomycin (Invitrogen) ml
. Aliquots (100 l) of the cell preparation were added to wells of a roundbottom 96-well plate. Cells were grown in the absence or presence of 0.1, 0.2, 0.5, 1.0, and 2.5 M PvMSP-1 p42 or a control protein, E. coli recombinant P. falciparum thrombospondin-related adhesive protein (PfTRAP; unpublished data), at 0.5 M. Positive control cultures were included on each plate and were stimulated with 2 g of concanavalin A ml Ϫ1 after 48 h. Cultures at a final volume of 200 l per well were grown for 5 days at 37°C under a humidified atmosphere with 5% CO 2 . Splenocytes were pulse-labeled during the final 16 h with 1 Ci of tritiated thymidine (Amersham Pharmacia Biotech) per well and were harvested onto glass-fiber filters for liquid scintillation counting (counts per minute). Stimulation indexes were calculated as the counts per minute for the test antigen divided by the counts per minute for the control.
Cytokine production. Pooled cells were cultured at 37°C under a humidified atmosphere with 5% CO 2 in the presence of 0.5 M PvMSP-1 p42 or PfTRAP antigen in 24-well plates at 2.5 ϫ 10 6 cells per well. Supernatants were collected after 48, 72, and 96 h and screened for the presence of interleukin 2 (IL-2), IL-4, IL-10, and gamma interferon (IFN-␥) using the respective Quantikine M sandwich EIA kit (R&D Systems Inc., Minneapolis, Minn.). Control and sample values were deduced from the standard curve.
Statistical analysis. Data were processed using Microsoft Excel 2000 software. Linear regression analysis was used to calculate the serum dilution needed to give an OD equal to the mean plus three standard deviations (SD) of the negative controls. An analysis of variance was used to determine the level of significance of the differences observed between groups.
RESULTS
The Origami(DE3) strain of E. coli enhances the expression of soluble PvMSP-1 p42. The PvMSP-1 p42 gene encoding 380 amino acids (1350 to 1729) of the published sequence (12) was cloned in vector pETAT(NK2). The insert was sequenced on both DNA strands, and no amino acid differences were found compared to the published sequence. Two E. coli host strains, BL21(DE3) and Origami(DE3), were tested for the production of soluble PvMSP-1 p42. Both host strains were transformed with the same recombinant plasmid and grown and induced under identical fermentation conditions, and PvMSP-1 p42 expressed in the soluble and insoluble fractions was partially purified under identical conditions (Fig. 1A) . Recombinant PvMSP-1 p42 produced in E. coli had an apparent molecular mass of ϳ50 kDa under reducing conditions. Densitometric analysis of the ϳ50-kDa band from both purifications showed that total PvMSP-1 p42 production was 15% better in Origami(DE3) (Fig. 1, compare lanes 1 and 2 with  lanes 3 and 4) . In addition, Origami(DE3) cells contained 60% more protein in the soluble fraction than BL21(DE3) cells (Fig. 1, compare lanes 1 and 3) . The soluble/insoluble PvMSP-1 p42 ratio for Origami(DE3) was 8:1, whereas it was 0.4:1 for BL21(DE3). Therefore, the Origami(DE3) strain was chosen for process development of PvMSP-1 p42 fermentation and purification.
The production and purification protocol is rapid and scalable. The fermentation conditions described above were found optimal for soluble protein production. On average, 150 g of wet cell mass was harvested from a 10-liter fermentation culture. Purification was initiated by lysis and separation of the soluble fraction by centrifugation. The soluble fraction was loaded on a Ni 2ϩ column for initial purification. The column was washed with resuspension buffer containing 40 mM imidazole, and PvMSP-1 p42 protein eluted from the Ni 2ϩ column was Ͼ80% pure (Fig. 1B, lane 1) . Fractions containing the protein were pooled and diluted fivefold to reduce the imidazole concentration before being loaded onto a Q-Sepharose anion exchanger. Impurities either flowed through the Q-Sepharose column or were removed in the 100 mM NaCl wash. Purified PvMSP-1 p42 was eluted in 200 mM NaCl (pH 8.0) at a final yield of 80 to 100 mg of PvMSP-1 p42 per 10-liter fermentation. Densitometric analysis of the final products from independent purification experiments showed Ͼ99% pure fulllength product on a Coomassie blue-stained reducing SDSpolyacrylamide gel (Fig. 1B, lane 2) . The host E. coli protein content in 1,000 g of pure PvMSP-1 p42 preparation ml Ϫ1 was routinely below 1 g ml Ϫ1 (minimum detection limit), as measured by immunoblotting (Fig. 1C, lane 2) . Purity evaluation with high-pressure liquid chromatography gel filtration and reversed-phase columns detected a single symmetrical peak in the final PvMSP-1 p42 preparation (data not shown).
Purified recombinant PvMSP-1 p42 has a low endotoxin content. The final product was analyzed by the Limulus amebocyte lysate assay for the presence of endotoxins. The final preparation of PvMSP-1 p42 contained between 30 and 50 endotoxin units per 50 g of protein (estimated single human dose).
Purified recombinant PvMSP-1 p42 is stable. The stability of PvMSP-1 p42 was estimated by incubating lyophilized protein under different temperature conditions and analyzing the protein by SDS-PAGE over a 4-week period. PvMSP-1 p42 in lyophilized form was found to be stable at 37, 25, 4, Ϫ30, and Ϫ70°C, with no signs of breakdown or aggregation (data not shown). Dimers and multimers were observed upon storage in PBS solutions at 4°C for more than 1 week.
Recombinant PvMSP-1 p42 has the correct primary and tertiary structures. N-terminal sequencing of the final product using Edman degradation revealed the first 23 amino acids to be Ala His His His His His His Pro Gly Gly Ser Gly Ser Gly Thr Met Ala Asp Gln Val Thr Thr Gly (the first 17 amino acids are encoded by the vector; the 6 PvMSP-1 p42-specific residues are shown in bold). MALDI-TOF MS showed a peak at 45,031 Da. The theoretical molecular weight of full-length PvMSP-1 p42 is 45,035. Coomassie blue staining with nonreducing SDS-PAGE of freshly purified PvMSP-1p42 revealed a tight homogenous band (Fig. 2A, lane 1) , indicating that it is largely composed of a single conformer. Due to the presence of the odd number of 11 cysteines in PvMSP-1 p42, it is most likely that at least one cysteine is not involved in disulfide bond formation. This idea was further evidenced by a slight decrease in the mobility of the alkylated protein (Fig. 2A, lane 2) . Alkylation of the native protein resulted in a mass increment of 58 atomic mass units, as measured by MALDI-TOF MS; this value corresponds to the addition of a single alkyl-amide group to the protein. Reduction of PvMSP-1 p42 with dithiothreitol ( Fig.  2A, lane 3) and its reduction and alkylation (Fig. 2A, lane 4) caused decreased mobility on SDS-PAGE, indicating that other alkylation sites were accessible only upon breakage of the disulfide bonds. Ellman's test for free sulfhydryl groups performed on pure PvMSP-1 p42 revealed 1.07 mol of freeOSH per mol of PvMSP-1 p42.
The presence of reduction-sensitive epitopes was confirmed by reactivity with previously characterized monoclonal antibodies raised against PvMSP-1 p42 and PvMSP-1 p19 expressed by baculovirus. Monoclonal antibodies E9.14 and F10.3 recognize conformational disulfide bond-dependent epitopes in the p19 region. Monoclonal antibody 5.14 also recognizes a putatively conformational epitope on p42. E. coli-produced soluble PvMSP-1 p42 was recognized by all three of these monoclonal antibodies on nonreduced Western blots (Fig. 2B ). The reactivity with monoclonal antibodies 5.14 and E9.14 was decreased after reduction and alkylation (Fig. 2B , compare lanes n and r). Monoclonal antibody F10.3 showed decreased reactivity with reduced PvMSP-1 p42. An P. falciparum MSP-1-specific monoclonal antibody was used as a negative control and showed no reactivity with PvMSP-1 p42 (data not shown). Reactivity was also seen with monoclonal antibodies F20.14 and D14, both of which recognize linear epitopes in p42, and with polyclonal sera from a rabbit immunized with p19 (data not shown).
PvMSP-1 p42 induces specific antibody responses in immunized mice. Vaccination with PvMSP-1 p42 elicited strong antibody and T-cell responses and was well tolerated in mice, with no apparent signs of lesion formation. Individual sera from four animals in each group were tested for anti-PvMSP-1 p42 IgG, IgG1, IgG2a, IgG2b, and IgG3 by an ELISA. The mean OD plus 3 SD for the controls (using both strains and all anti-IgG subclasses at a 1:100 dilution) was 0.080 (mean ϭ 0.030, SD ϭ 0.016). An OD cutoff of 0.1 was selected for antibody titer determinations. The dilution that gave an OD of 0.1 was determined using regression analysis of the linear portion of the curve for each serum. Mean end-point titers for each immunized group are shown in Fig. 3 . All four PvMSP-1 p42-immunized groups showed high IgG titers, with the IgG1 titer being the highest (above 2 ϫ 10 5 ), followed by the IgG2b, IgG2a, and IgG3 titers (data not shown), in that order. For each mouse strain, both adjuvants gave similar antibody responses, with some differences in the levels of IgG1 and IgG2b between the two strains. Regardless of the adjuvant used, BALB/c mice produced about 3.5 times more IgG1 antibodies than C57BL/6 mice. Conversely, C57BL/6 mice produced about six times more IgG2b antibodies. These differences were statistically significant (F Ͼ 16.7, P Ͻ 0.001). Total IgG titers were also determined using reduced and alkylated PvMSP-1 p42 as a coating antigen. ODs were 30 to 80% lower for all groups with reduced and alkylated protein.
PvMSP-1 p42 induces T-cell responses in immunized mice. Table 1 summarizes the cellular responses found for PvMSP-1 p42-immunized groups. Like the antibody responses, the T-cell stimulation indexes were similar in immunized groups of the same strain, regardless of the adjuvant used (F Ͻ 1.4, P Ͼ 0.26). The stimulation indexes for the BALB/c group were, however, higher than those for the C57BL/6 group (F ϭ 94.5, P Ͻ 0.0001), regardless of the adjuvant used. Cytokine levels in culture supernatants from splenocytes after 48 and 72 h of stimulation with PvMSP-1 p42 were measured. In general, BALB/c mice showed higher cytokine levels, except for IFN-␥ production in C57BL/6 mice. Nanogram levels of IFN-␥ were observed in all groups, with higher levels being seen in the M720-immunized group (Table 1) . Cells stimulated with the control protein (PfTRAP) showed undetectable levels of IL-2, IL-4, and IFN-␥ and 135 Ϯ 31 pg of IL-10 ml Ϫ1 . Recombinant PvMSP-1 p42 resembles the native parasite protein. Affinity-purified rabbit anti-PvMSP-1 p42 antibodies tested positive in an IFA against blood stages of the P. vivax Sal I strain. Figure 4A shows an early schizont with bright fluorescence. Polyclonal antibodies in all PvMSP-1 p42-immunized mice also tested positive in the IFA. Figure 4B shows a late trophozoite stained by pooled serum from BALB/c mice immunized with PvMSP-1 p42 and M51. No recognition was found using control sera.
DISCUSSION
MSP-1 is one of the most important vaccine candidates from the blood stage of the malarial parasite. There is evidence of the protective role of MSP-1 in rodent and simian models of malaria. Advanced evaluation of such a promising antigen in human volunteers requires process development for the production of pharmaceutical-grade recombinant MSP-1. Here we present a process that can be used for the large-scale production of recombinant PvMSP-1 p42 in E. coli. Although vaccination with the p19 region of MSP-1 has been shown to protect animals, we have chosen to express the entire p42 domain, as the p33 portion contains some important B-and T-cell determinants (10) . Moreover, we believe that the p33 portion provides a hydrophilic scaffolding for the correct folding of p19, just as glutathione S-transferase-p19 fusion constructs have been previously shown to fold correctly in E. coli (3) .
Prokaryotic expression systems such as E. coli produce large quantities of protein with a relatively simple fermentation protocol. This system shares an important feature with Plasmodium in that it lacks N glycosylation (8) . However, one of the major drawbacks of E. coli is the reducing nature of its cytoplasm, which inhibits the formation of disulfide bridges and which may result in incorrect folding of complex proteins or the formation of protein aggregates. MSP-1 contains a cysteine-rich (p19) domain with five or six disulfide bonds (depending on the species). The presence of correctly formed disulfide bonds in the p19 region has been shown to be critical for the induction of a protective immune response against the parasite in animal models (19, 20) . Although PvMSP-1 p42 could be expressed in the conventional E. coli host BL21 (DE3), a large portion of the product was insoluble. Attempts to improve solubility by various fermentation conditions were unsuccessful. We then focused on expressing the gene in redox-modified hosts, such as AD494 (Novagen), a thioredoxin reductase (trxB) mutant host. The protein solubility, however, showed no substantial improvement. Recently, E. coli host strain Origami, a thioredoxin and glutathione reductase (gor) gene mutant (2) , was shown to promote disulfide bond formation within the cell cytoplasm. Using this host strain, we achieved significant enhancement in the yield of soluble PvMSP-1 p42. Furthermore, a combination of low IPTG concentration and low-temperature induction was found to favor the expression of soluble PvMSP-1 p42, probably because of the reduction in the rate of protein synthesis (18) . The above strategy might be useful in improving the yield of other vaccine antigens expressed in E. coli.
The E. coli expression vector used here, pETAT(NK2), is a derivative of vector pET32 and has been especially engineered for the production of vaccine candidate antigens in E. coli. The plasmid was constructed to have a tet r gene for selection during fermentation, because ampicillin is not a preferred antibiotic for use in the manufacturing of products for human use. This property raised an important issue when the switch to Origami cells was made, as this strain is tetracycline resistant. Using a series of fermentation experiments and colony counts, we confirmed that there was no significant plasmid loss or decline in protein yield when tetracycline was used during fermentation rather than ampicillin.
The purification scheme described here is rapid, and the whole process from cell lysis to elution of the final product can be carried out within 2 days. Purification can be carried out at room temperature and is designed for easy scaling up. The two-step purification comprises stepwise increments in eluent concentrations during wash and elution instead of continuous gradients; this was done to make the process robust and to facilitate reproducibility. The process gives greater than 99% pure PvMSP-1 p42 with an endotoxin content within permissible levels for an injectable pharmaceutical.
We used multiple techniques to determine the purity of the product. Reducing SDS-PAGE analysis with overloaded protein (up to 20 g per well) and immunoblotting with an anti-E. coli antibody confirmed the high level of purity of the product. In addition, the protein was also found to be homogenous by high-pressure liquid chromatography analysis on reversed-phase and gel filtration columns, with no signs of aggregation (data not shown). PvMSP-1 p42 was found to be stable at room temperature in its lyophilized form. The primary structure was confirmed by N-terminal sequencing and MS analysis. The N-terminal methionine could not be identified during sequencing; however, the 23 subsequent amino acids, including six PvMSP-1-specific residues, were confirmed by N-terminal sequencing. The molecular mass of PvMSP-1 p42 was found to be within 4 atomic mass units of the predicted mass. We confirmed the presence of a predicted free cysteine in the final product. The protein was also recognized by monoclonal antibodies against conformational and linear epitopes on baculovirus-expressed PvMSP-1 (22) .
The immunogenicity of PvMSP-1 p42 in mice was examined with two metabolizable oil-based adjuvants: M51 and M720. The two adjuvants differ in surfactant content, with M720 forming thinner emulsions. Both adjuvants are generally considered safe for human use and have been applied to malaria vaccine trials with monkeys and humans (17, 25, 26) . Vaccination with both adjuvants induced IgG1, IgG2a, and IgG2b antibodies along with the production of cytokines IL-4, IL-10, IL-2, and IFN-␥. Cytokines IL-2 and IFN-␥ are associated with the production of IgG2a and are indicators of T-helper 1 (Th1) cell activation and of predominantly cell-mediated responses; in contrast, cytokines IL-4 and IL-10, secreted by T-helper 2 (Th2) cells, are associated with the production of IgG1 and indicate antibody-mediated responses (13) . The results indicated that both Th1 and Th2 subsets of T-helper cells are elicited by PvMSP-1 vaccination. The activation of both subsets of T-helper cells, sometimes with one response dominating the other, has been shown to correlate with protection against blood-stage challenge in murine models (4, 23 ). An ideal blood-stage vaccine candidate would be one that can activate both Th1 and Th2 responses (21, 29) .
Immunization of two strains of mice with the two adjuvants resulted in comparable B-and T-cell responses, with M720 leading to higher levels of IFN-␥ in both strains of mice. We plan to go forward with M720 in a future study of immune responses in rhesus monkeys. The difference in cytokine responses and IgG profiles observed between the two strains indicates some genetic restriction of the immune response against PvMSP-1 p42, as has been seen for several other Plasmodium antigens (27) .
The reactivity of sera from all the groups was 30 to 80% lower with reduced PvMSP-1 p42 than with the native protein. A similar observation was made with human immune sera against P. vivax, where titers were, on average, 50% lower against reduced p19 (28) . This result indicates a large contribution of conformational epitopes to the overall antibody response against PvMSP1 p42. The generation of such conformational anti-MSP-1 antibodies is critical to raising a protective response against the parasite (19, 20) . Rabbit and mouse antibodies raised against PvMSP-1 p42 reacted with native MSP-1 on the parasite in an IFA, further establishing the nearly native structure of PvMSP-1 p42. Recombinant PvMSP-1 p42 also reacted positively in Western blotting and ELISA analyses with sera collected from an area in which P. vivax is endemic (data not shown).
The process development efforts described here are a critical part of the development of a subunit vaccine and address some of the issues facing protein chemists involved in the production of protein-based pharmaceuticals. The availability of a process to reproducibly make clinical-grade PvMSP-1 p42 will help in establishing the efficacy of this antigen as a human malaria vaccine. The same, well-characterized protein can serve as a valuable reagent in immunological or functional studies.
